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PREFACE

~

The Earth’s atmosphere is a puzzle and a concern. Its unpredictable weather has

. always been a force to be reckoned with, but until recent times, our trust was
implicit in the robustness of the atmospheric system as the foundation of ourbioE
phere. Now we are not so sure. Far from being robust, this system is prebably / _
better described as a balance among a number of natural forces,_which“we barely / ( ,/(, Z-
understand and gur concern is deepened when we consider the threat to this bal- A /ﬁ/ / Sasnd ¥
ance from our burgeoning civilization and its effluents. What, for example, are the
chlorofluorocarbons doing to the ozone layer, and how significantly and on what
time scales will the increasing CO,production change the climate? There will be
no answers to such questions without a strong and steady program of research to
understand fundamental atmospheric processes. Essential to this is the gathering
of basic data such as temperature, pressure, wind, and the distribution of water
vapor, clouds, and other active constituents. Such data enable us to test existing
models for the atmosphere’s energy balance, the depletion of the ozone layer, the
hydrological cycle, climate trends, and other aspects of the atmospheric system
that are of vital interest to us, and to formulate new and better models to guide us
in the future. Remote sensing is central to this effort because it is the only way we
can obtain/{'ull spatial and temporal perspective needed to understand atmospheric / The
processes. The strong conclusion is that the need for remote sensing will continue,
and grow.

Microwaves, which we take as a generic term to include the centimeter, milli-
meter, and submillimeter regions of the spectrum, play a special rolein the remote
sensing of atmospheres. Microwave techniques bring a mixture of capabilities that
complement remote-sensing methods used in other spectral regions. Microwaves
penetrate clouds. for example, and provide an all-weather measurement capability
as well as the only direct means for the determination of cloud water content. The
coherent detection technique that characterizes microwave receivers allows the
emission lines of atmospheric constituents to be examined with arbitrarily high-
frequency resolution, Collision-broadened line shapes contain a wealth of infor- AN i L /,
mation about atmospheric properties: furthermore, collisions arc the dominant 3 2
broadening mechanism to much higher altitudes in the microwave region than at
shorter wavelengths. Because of such advantages, passive microwave remote sens-
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XVviii PREFACE

ing from satellites and ground stations has contributed uniquely and substantially
to the study of atmospheric chemistry, meteorology; and global change.

The purpose of this volume is to present the state-of-the-art of passive micro-
wave remote sensing to researchers and graduate students in other areas of remote .
sensing and atmospheric studiegas well as to those directly involved in this field. -~
. The overall scheme is to provide a collection of monographs that cover the most

mature and representative applications of this approach to remote sensing, each
/ lhts  prepared by a specialist who is at the forefront of.ghis field. The-primary emphasis
' throughout the volume is on fundamentals and method’,«whieR will retain their —
/,q/ value{’a's new results from these applications supersede tose presented here. Such L
results and the questions they address, ofcbfnse, remain our ultimate motivation.

The applications are introduced by the first three chapters of the volume, which
present the fundamentals of micro-wave radiative transfer, measurement tech-
niques, and atmospheric propagation: Chapter 1 outlines the scope of the volume
and introduces’ the basics of radiative transfer and measurement techniques in the
microwave region, with the objective of making the rest of the book intelligible to
a reader with little or no background in microwave remote sensing.The specialized
terminology of the microwave approach is introduced and quantitative relation-
ships important to the subject are provided for general reference. The chapter also *
contains material of interest to the specialist; for example, it provides a careful
treatment of the Rayleigh-Jeans approximation and its implications for remote
sensing, this usually being neglected in the literature. The next two chapters build
a foundation for understanding microwave propagation in atmospheres. Chapter 2
presents the current theory for microwave absorption by atmospheric gases, with
emphasis on those constituents that have played roles in remote-sensing applica-

) tions to the presend’;\m?'éhap(er 3 treats the more complex radiative transfer the- - . t
ory.-whiclt1s requited to account for scattering in the presence of twin, | Tl /Frf»f—'f" o
The applications are literally presented from the ground up, beginning with -
remote sensing of the Earth’s troposphere from ground stations and working out-
| ward to the solar family of atmospheres. The absorption spectrum of the Earth’s
troposphere is relatively simple and includes a few collision-broadened molecular
absorption features in addition to nonresonant absorption by liquid water. The
| weakly absorbing water vapor line at 22 GHz, a strong oxygen band centered
around 60 GHz, and more recently the strong 183-GHz water line are the most W
important features for tropospheric remote ngS_l{'l\g '_I'_hese enable the determination ) jv
‘ of humidity and temperature structure using ground-based and satellite, instru- / /.. lodﬁ’e‘(//
ments, the techniques for which are discussed respectively in Chapters 4 and 6.
/ The specialized case of the retrieval of variable radio-path delay through the atmo-
sphere due to water vapor is an important subtopic in ground-based remote sens-
ing,Awhid?i's covered in Chapter 5. / am A s
By contrast, the Earth’s upper atmosphere has a rich assortment of lines, par-
ticularly in the millimeter and submillimeter regions. Important molecules includ-
ing ozone, water, carbon, and chlorine monoxide can be observed from the ground
by viewing at wavelengths where the troposphere is partially transparent, Chapter
7 describes the techniques of microwave spectroscopy that arc used to study these

91 8- 9 \,o. WORKI2 A6416SAFMT
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i
high-altitude constituents. Microwave spectroscopy is an extremely powerful tool

for synoptic observation when given the vantage of an orbiting platform—the in- -C/
tervening troposphere is eliminated, which permits unimpeded observation of o Le
spectral lines at all frequencics, and the limb-sounding geometry wiicki jfps /1.0 7 #r¢ ¢

gives a greatincrease in both vertical resolution and sensitivity. This application
is described in Chapter 8, which gives early results for the extremely important
N ozone and chlorine monoxide distributions measured by the Microwave Limb
Sounder on the Upper Atmosphere Research Satellite, and explores the possibili-
ties for more advanced instruments in the future.
The application of microwave remote-sensing techniques to the atmospheres of
‘ planets other than the Earth is discussed in the final two chapters. These atmo-
spheres are of interest in their own right, bif they also provide an invaluable test
of our Earth-centered models and concepts. This aspect of microwave remote sens-
ing is usually presented in the context of astronomy or space exploration, but the
inclusion here emphasizes the close’ connection to Earth-based remote-sensing
. techniques. Microwave spectroscopy of the ubiquitous CO molecule allows the
winds and temperature structure to be traced in the Martian atmosphere and the
upper Venus atmosphere, for example, and is discussed in Chapter 9. The insen-
sitivity to clouds and the tendency toward simpler and weaker absorption at lower
frequencies makes it possible to sound deeply into thick planetary atmospheres;
indeed, microwaves are the only means to penetrate both the clouds and clear
atmospheres of six of the eight major atmospheres of the solar system (Venus,
Jupiter, Saturn, Uranus, Neptune and, arguably, Titan, as opposed to the Earth
and Mars;‘where the atmosphere is transparent at many shorter wavelengths). As /}/
described in Chapter 10, the pressure-broadened absorption features of the deep
planetary atmospheres arc useful for determining the temperature structure and the
distribution of microwave-absorbing condensibles.
This volume is the combined result of the efforts of all the contributing authors.
They must take the credit for any success that has been achieved, whereas faults,
oversights, and omissions are solely the editor’s responsibility. | would like to
express my appreciation to the series editor Jin Au Kong for his encouragement in
my taking on this task, and to David Staelin for his accurate assessment of what
that task entailed as well as his invaluable advice. | would like to thank the authors
again for their assistance in reviewing other chapters than their own, and to others Z ..
for their varied assistance: B.L. Gary, S. J. Keihm,,\C. S. Ruf, P. N. Swanson, /{{ . L. PCNJ nt< f)
R. R. Weber, W. J. Wilson, in addition to those who reviewed chapters at the
request of individual authors. A special debiof gratitude is expressed to Steven J.

YZ::ter for his extensive, careful, and very helpful reviews of several of the chap- / “;gm;z @
A

MicHAEL A. JANSSEN

Pacific Palisades. ¢4 CMC[VWLU&L/
November /992

g The wovrk a(qgcr;étj I~ This /mul{"’rb& wws“oav(laj[g ‘
c’awrfv,J av\r at 'C’he, Tet /Drof)ulflov\ [_aéora[w/*j )(a/IFWW
LnsCiCube of Ted\m/owjb ) vmdes a cmCvracl witn The

T Nalimel Aersmanlils anet Space Adsuini’stralin. r’

QL2100  WORK 12 A6416SAFMT (XX bi)




AN INTRODUCTION TO

- THE PASSIVE MICROWAVE
REMOTE SENSING OF
ATMOSPHERES

MICHAEL A. JANSSEN

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

1.1 A GENERAL PERSPECTIVE

, This volume treats a specific topic in remote sensing. First, we consider only the
microwave region of the spectrum and the use of microwave instrumentation. Sec-
ond, we are concerned exclusively with the interpretation of passive measure-
ments. leaving active approaches in this spectral regime such as probing by radar
and occultation of spacecraft radio signals by an atmosphere to other volumes in
this series. Finally. we take the study of atmospheres as the ultimate objective of
our remote sensing. The restriction to passive measurements and atmospheres
means that we deal almost exclusively with the interpretation of atmospheric ther-
mal emission. As we will see, this gives a sharp focus to the radiative transfer
i problem and the central issue of this volume, the determination of atmospheric
X parameters from observational data.
The microwave region along with its major atmospheric emission sources is
shown in the context of the electromagnetic spectrum in Figure 1.1. The micro- i
iwave region generally spans the range from about 3 GHz (1 gigahertz = 10°Hz)
to 300 GHz and above, although there is no wide acceptance of an exact range.
or in particular, of an upper frequency limit. Terms that identify strictly spectral
regimes are the centimeter. millimeter. and submillimeter regions. A useful cri-
tenon to identify the microwave region can be stated in terms of the technology

Atmospheric Remote Sensing by Microwa ve Radiomerry, Fd'tqd by.- Mﬂh?x&l A. Janssen
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Figure 1.1. The microwave region spans at least two, and arguably three, decades between the radio
and infrared regions of the electromagnetic spectrum. Gases responsible for absorptionin the atmo-
spheres of the Earth and the planets are indicated. The shaded band for Venus depicts nonresonant
collision-induced absorption by CO,, which increases with frequency. and extreme pressure broaden-
ing of the 24-GHz NH, inversion band leads to significant absorption at all microwave frequencies in
the atmospheres of the major planets. All features identified in the centimeter and millimeter ranges
have been used for remote sensing and are the focus for the applications presented in this volume.
Remote sensing in the submillimeter region is in its infancy and some of the molecular absorption
expected there are indicated.
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1.2 MICROWAVE RADIATIVE TRANSFER EQUATION 3

andis consistent with its historical roots: it is the high-frequency extension of the

radio range, with the upper end determined by the limits of the technology.

microwave approach is characterized in practical terms by the coherent detection
of radiation. and this is generally the basis for the remote-sensing applications that
arc described in this volume.

Absorption of microwaves by atmospheric constituents provides the physical
connection into an atmosphere that we exploit in various ways for remotely sensing
its properties. Figure 1.1shows the molecular absorption that have proven useful
for remote sensing in the centimeter and millimeter regions-these absorption are
described in detail in Chapters 2 and 8. The 22-GHz rotational line of water vapor
and the spin-rotation band of oxygen centered around 60 GHz play dominant roles
in the remote sensing of the Earth’s troposphere, along with strong absorptiondue
to liquid water when present in clouds or as rain. Nonresonant pressure-induced
absorption by CO, accounts for most absorption in the deep atmosphere of Venus.
and the inversion band of NH; centered around 24 GHz is the major absorber in
the deep atmospheres of the outer planets. Coherent detection, as achieved by
heterodyne receivers (see Section 1.3), allows atmospheric emission lines
examined at the highest possible spectral resolution. Unique studies of the upper
atmospheres of the Earth, Venus, and the tenuous atmosphere of Mars have been
possible using high-resolution measurements of the millimeter lines of the indi-
cated minor constituents.

We can look forward to heterodyne applications at frequencies possibly as high
as 10 THz ( 1 terahertz = 10”Hz) in coming years. Whether westretch to include
these as “microwave”’ applications is not particularly important, although the re-
mote-sensing applications developed for the millimeter region will apply directly
to submillimeter lines, and in this sense we can consider the submillimeter region
within the scope of this volume. Figure 1.1 indicates the variety of molecules that

are accessible in this region, and the future possibilities for remote sensing of the ~

Earth’s upper atmosphere using their submillimeter lines are explored in detail in
Chapter 8. The development of the submillimeter region will eventually open up
new vistas in planetary studies as well.

The remote-sensing applications that take advantage of these absorption arc
bound by both a common foundation in radiative transfer theory and a common
technology. With the specialization to the microwave region, it is expected that
most readers will be unfamiliar with the long-wavelength versions of these topics.
namely. the microwave radiative transfer equation and techniques of microwave
radiometry. These arc presented in the following two sections to provide a foun-
dation for the rest of the volume.

1.2 THE MICROWAVE RADIATIVE TRANSFER EQUATION
The starting point for any passive remote-sensing application is the equation that

describes the flow of radiant energy to be measured by a radiometer. The scalar
form of this equation for atmospheric propagation is remarkably simple in the
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4 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

Rayleigh-Jeans limit. and is suflicientto treat the lurge majority of microwave
applications. Wc briefly outline the development of this equation on the assump-
tion that the reader is familiar with basic concepts in radiative transfer, noting that
more leisurely (and thorough) treatments canbe found in several sources | 1-5].
The emphasis in the following is to show where the standard approximations arc
made and what their implications arc for our remote-sensing applications. A more
general approach that includes scattering and polarization is outlined in Chapter 3
and also can be found in the sources referenced before.
1

1.2.1 Radiative Transfer in a Nonscattering Thermal Medium

The classical form of the radiative transfer theory was developed by Chandrasekhar

[1]. The theory describes the intensity of radiation propagating in a general class

of media that absorb, emit. and scatter the radiation. It is ideally suited for radia-
tive transfer in media such as atmospheres in which the flow of energy plays the
central role, and where such quantities as wave polarization or phase relationships
play relatively minor roles or can be treated separately (for example. see Chapter
3 and Appendix 6A). The starting point of the theory is the description of the
radiation field in terms of the specific intensity /,, which is the instantaneous ra-
diant power that flows at each point in the medium, pcr unit area. per unit-fre-
guency interval at a specified frequency, and in a given direction per unit solid
angle. As illustrated in Figure 1.2, its variation at a point s along a line in the
direction of propagation is obtained by considering the sources and sinks of the
radiation in a volume element along that line. This leads to a differential form of
the transfer equation,

dl,
= -lLa+s (1.1)

where « is an absorption coefficient, and S is a source term, which respectively
describe the loss and gain of energy into the given direction.

1(s.£2)
4 40

I dP = | dAdQdv dl, = ~l,ads + Sds

Figure 1.2. The specific intensity is the radiantenergy flowing at each pointin the medium per unit
area normal to the flux. per unitsolid angle.in the frequency rngevtov + dv. The variation of
intensity with position is governed by anequation of transter that takes into account the sinks and
sources of radiation.
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1.2 MICROWAVE RADIATIVE TRANSFER EQUATION 5

In the gencral theory, scattering into and from other directions can lead to both
losses and gains to the intensity alonga given direction and can be taken into
accountin the terms S and . We will neglect scattering for the following, but will
return later to the question of errors that this might introduce. Without scattering
(o consider, the source term § needs to.express only the locally generated contri-
bution to the radiation. and the absorption coefficient a bccomcs a scalar charac-
teristic of the medium that describes a true loss of energy from the radiation field
into the medium, In particular, if we assume local thermodynamic equilibrium so
that each point can be characterized by a temperatureT. then the strict requirement
of balance between the energy absorbed and emitted by any particular volume
element leads to Kirchoff"s law for the source term,

S = aB(T) (1.2)

where B,(T)is the Planck function:

2h0? l
B(T)=" —
"( ) CZ elw/kT —

I (1.3)

his Planck’s constant, k“is Boltzmann's constant, ¢ is the speed of light, and v is
the frequency. The factor of 2 in the numerator accounts for both polarizations
according to the usual convention. We note that By is sometimes considered as a
surface brightness, which is the flow of energy across a unit area, per unit fre-
quency, from a source viewed through free space in an element of solid angle df2.
Brightness and intensity have the same units, and Figure 1.3 demonstrates that the
two are equivalent in this case. This argument can be extended to show that the
intensity is generally invariant along any direction in free space, or in any region

in which there are no local sources or sinks of radiation [3].

With the assumptions leading to Eq. 1.2 and the corresponding neglect of scat-
tering in the absorption coefficient a, all terms of Eq, 1.1 depend only on the
intensity along the path of propagation. Hence, the equation of transfer becomes
a standard differential equation for which the complete solution is readily obtained.

+ Substituting for S, we can write this solution as

m

1L,0) =1,(sp) e” 7 + So B, (T)e ™ads (1.4)

l Figure 1.3. The surface brightness B,(T) of
! a blackbody emitter as viewed through free
| space in the solid-angle element dft produces a

tfow of energy given by the specific intensity /,
! = B,(1.
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6 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

Boundary

Observer
a(s)

Iv(0)

Figure 1.4. Assumed measurement geometry for the remote sensing of atmospheres.

where 7 is the optical depth and is defined as

S

7(9= So a(s') ds (1.5)

Anticipating the remote-sensing applications to follow, we have used the conven-
tion that the intensity is to be determined at the origins = 0, where an instrument
that measures the intensity is presumed to be located (see Figure 1.4). The inte-
gration then extends through the medium along the path of propagation and ends
at some boundary s =so, where the condition is that the intensity has a starting
value given by /, (s.).

1.2.2 Specializing to the Microwave Case

We introduce the microwave case by considering the low-frequency limit Av <<
KT. This is known as the Rayleigh~Jeans limit and allows the Planck function to
be approximated as -

2T 24T

B,(T) zc‘.'__v (1-6)

where X is the wavelength. The significant feature of this limit is the linear rela-
tionship of the Planck function with physical temperature. This naturally suggests
a scaling of the intensity as

A? )
T = =1, w7

We will use this expression to define* the microwave brightness temperature T,.
a quantity that will play the role of intensity in the radiative transfer equation but

e This is the Rayleigh~Jeans equivalent brightness temperature. and must be distinguished from the
frequently-used thermodynamic definition—see Section 1 .2.4 for funther discussion. Also. this defi-
nition sometimes appears without the factor of 2 in the denominator, in which case. the intensity /,
refers to s single polanization of the radiation.
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1.2 MICROWAVE RADIATIVE TRANSFER EQUATION 7

that has been dimensionally scaled to give units of degrees Kelvin. We emphasize
that this definitionis not an approximation in itself. and the implications of the
departure of the Raylcigh-Jeans approximation from the Planck law arc developed
later.

By using this definition. Eq. 1.4 canbe rewritten as

T(s) .
R, T3) o) e ds (1.8)

EN)
T,,(V) = T,,O(V)e_'("" + §
where the background brightness temperature T, is derived from our general
boundary condition as

x2
Too = 3z Vs 1.9

The factor

4T _| H(e”’/” -1 (1.10)

Ro-D =75 =

and by using Eq. 1.7 in Eq. 1.3 can be seen to be just the ratio of the physical
temperature T of a blackbody emitter to its brightness temperature T, namely,

R, T) = FT (1.11)
b

Expanding R (v, T)in terms of hv /kT, we have

1 [ Ay 1 | hy 2
= i B i e 1.12
Ry, H =1+ X [kT]+3! [kT] + ( )

‘where we see that ¢ is always greater than unity, and approaches unity in the

Rayleigh-Jeans limit.
Equation 1.8 is exact as far as the Planck law is concerned. The Rayleigh-Jeans
approximation is incorporated by setting R = 1, giving

30

T,(») = Thpe ™ + S T(s) €™ ™ ds (1.13)

0

This is the form of the radiative transfer equation commonly used in microwave
remote sensing. It is more accurate than one would expect at first glance; if one
assiduously holds to the Rayleigh~Jeans approximation to include the calibration
of a radiometer against blackbody targets, then this equation is actually correct to
the first order in hw /kT in spite of having neglecting this and all higher orders
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8 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

when wc chose R = 1. The implications of the Raylcigh-Jeans approximation in
this case andothersare discussed further in Section 1.2.4.

1.2.3 Microwave Remote Sensing

The radiative transfer equation expressed in Eq. 1.13 is a simple weighted average
over the physical temperature of an atmosphere. The emission a7 ds from each
element is attenuated by the factor e-' by the intervening medium as it travels
toward the point of measurement. The sum of these contributions represents an
average of temperature along the propagation path weighted at each point byae™".
The radiative transfer equation expresses the forward problem: if the absorption
and temperature are known along the path of propagation. then the brightness tem-
perature can be computed from this equation.

In remote-sensing applications, we are ultimately concerned with the inverse
problem. In particular. we start with measurements of the brightness temperature
with the objective of Inferring the atmospheric properties that enter into the inte-
grand of the radiative transfer equation. To illustrate the basic idea. let us consider
two simple cases involving an atmosphere that we take to be isothermal at tem-
perature T. From Eqg. 1.13, we have

Ta

T, = Tgo er dr=T(1 - e-) (1.14)

where 7, is the total optical depth through the atmosphere, and we have neglected
the background term. If the optical depth is large, then we have for the first case

T,= T (7,>1, isothermal medium) (1.15)

In this case. we can think of a radiometer as a remote thermometer because its
output is proportional to the temperature of the atmosphere. If the optical depth is
small, on the other hand. we can approximate the result to give the second case:

T, = Tr, (r,<< 1, isothermal medium) (1.1.6)

If Tis known. then in this case the optical depth 7, is determined. Hence. the
concentration of a particular constituent of the atmosphere can be obtained if it is
the source of opacity and its absorption coefficient is known.

In the general case, the temperature structure, the opacity, or both are unknown.
and the inverse problem becomes more ditlicult. If we think of 7, in a mathemat-
ical sense as a continuous function of the frequency, then we wish to solve the
radiative transfer equation for an unknown function such as the temperature struc-
ture, T(S), which appears in the integrand, and the inverse problem is seen to be
that of an integral inversion. For example. if T, (¥) and the opacity are known.
then Eq. 1.13is a linear integral equation—a Fredholm equation of the first kind—

BAN— JUR WORK 14 A6416$$$A |




1.2 MICROWAVE RADIATIVE TRANSFER EQUATION 9

that in principle canbc inverted to obtain the temperature structure [6]. Realisti-
cally.the measurements of 7), (#) arc made in finite intervals of bandwidth centered
ondiscrete points p,. If the desired result is also allowed to be discrete (e.g..
temperatures at intervals of altitude), then the problem can be rephrased as a matrix
inversion. In either case. the uncertainties encountered in the inverse problem are
much harder to trace, As is well known in remote sensing, deeply based indeter-
minancies arc present in the inversion-of integrals such as that in Eq. 1.13 or its
matrix equivalent, and these can dominate even when measurement noise is van-
ishingly small, An excellent basic discussion of this point can be found, for ex-
ample, in Twomey [7].

A more thorough discussion of the inverse problem in terms of the matrix for-
mulation for the microwave case is given in Chapter 4, The practical approach to
the inversion of Eq. 1.13 is usually unique to each application, however, and is a
focus for the applications discussed in later chapters.

1.2.4 The Signi'flicance of the Approximations

The simple form of the radiative transfer equation given by Eq. 1.13 can be used
for most applications wjthout concern for the errors introduced by either the Ray-
leigh-Jeans approximation or the neglect of scattering. It is important to have a
practical sense of where these errors arise and what they amount to, however,
because these approximations are by no means universally valid in the microwave
region. For example, deviations from the Rayleigh~Jeans approximation become
more important as microwave remote sensing is extended to higher frequencies,
and as applications at all frequencies become more exacting. Also, whereas typical
cloud particles are not significant microwave scatterers,rain is, and is encountered
frequeml): in tropospheric remote sensing.

The Rayleigh~Jeans Approximation

The definition of brightness temperature given by Eq. 1.7 is not unique. A quite
different definition of brightness temperature is as the temperature of a blackbody
radiator that produces the same intensity as the source being observed. The latter
definition, which we will refer to as the thermodvnamic brighiness temperature,
is given by the Institute of Electrical and Electronics Engineers [8], and is used in
infrared work as well [9]. The first definition, which we will call the Ravleigh-
Jeans equivalent brightness temperature, also appears in the literature [3, 10].
Unfoftunately, many treatments avoid resolving this ambiguity by defining bright-
ness temper-mum only after the Rayleigh-Jeans approximation has been intro-
duced.

The relationship between the two definitions can be expressed for the emission
from a blackbody radiator at temperature T as

T, (thermodynamic) )

R, T) = (1.17)

7T, (R-J equivalent)

A~ 36] -WORK 14 A6416385A1
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10 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

This difference can be significant not only at high frequencies, but also when the
surface brightness of the source is very low, as in the case of the cosmic back-
ground radiation. The Rayleigh-Jeans equivalent brightness temperature is partic-
uviarly appropriate in aradiative transfer context because it is simply a scaling of
intensity, and radiative transfer integrals arc sums over intensity. The thermody, -
namic definition can lead to confusion in this context. although it has the advantage
that the connection to physical temperature is strictly maintained.

Figure 1.5 shows how R depends on temperature and frequency. From this plot,
we see that the fractional difference

T-T,
—L = RWw.T) - 1 (1.18)

7, .
is small for either low frequencies or high temperatures. Of more concern in many
applications, however, is the absolute difference

RE.T) "1
T-T7, = R, T) (1.19)
7
which is plotted in Figure 6. This difference actually increases with temperature,

and approaches the limit (T - T,) = hv/2k = 0.024» GHz. This difference can
be significant throughout a large part of the microwave region..
Figure 1.6 demonstrates that the high-temperature asymptote of this difference

is effectively reached at typical atmospheric temperatures, which is the main rea-

110

1.08

1.04

1.04

1.02

1.00

1 10 100 1000
Frequency {GHz)

Figure 1.5. The ratio of thermodynamic brightness temperature (or physical temperature)to the
Rayleigh-Jeans equivalent brightness temperatureof a blackbady source due to deviation of the Ray-
leigh-Jeans approximation from the Planck law.
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Figure 1.6. The absolute difference between physical temperature and the Rayleigh-Jeans equiva-
lent brightness temperature Of a blackbody source.

son that corrections to account for the Rayleigh-Jeans approximation are so often
ignored in microwave remote sensing. To illustrate, if we add a step between the
more general radiative transfer equation expressed by Eq. 1.8 and-its approxima-

tion in Eq. 1.13 by expanding the former to the first order in Av/kT, then we arrive
at the expression

50

h
T,(») + i = Toe ™ + SO T(s)e ™ ds (1.20)

where To iSthe physical temperature of a hypothetical blackbody “at the boundary.
Now, if we calibrate a radiometer against blackbody targets and ignore all depar-
tures from the Rayleigh-Jeans law, then we effectively redefine brightness tem-
perature as T,(¥) + hv/2k, and thereby recover the simple form of Eq. 1.13.
Hence, the naive application of Eq. 1.13 automatically accounts for the first-order
correction, and a simple calculation shows that it can be used under normal cir-
cumstances to frequencies up to 300 GHz with errors less than -0.1 K.

We caution that these approximations are no longer valid when the cosmic mi-

| crowave background is present either as a cold-temperature reference or as the

background term T,o. For example, in the latter case, we can carry out the expan-
sion leadingto Eq. 1.20 for all but the background term, which we maintain ex-
actly, and arrive at

hy (/7 4 1)
Th(' - 2,\' (clw/Ll. _ ‘) (121)
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12 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

as the appropriate quantity to usc for 7;,in Eq. 1.20 (or for 7,4 in Eq. 1. 13). where
T, = 2.736 £ 0.017 K is the cosmic background temperature [ 11 . T}, is also the
appropriate valuc to usc as the cold-sky-reference brightness temperature if the
thermodynamic temperature of the hot target is taken to be its brightness temper-
ature. Note that 7,,.is always greater than T,., which is counterintuitive unless one
remembers that we arc only supplying the higher-order adjustments to the first-
order correction already made in Eqg. 1.20, and made implicitly in the naive ap-
plication of Eq. 1.13.

The Neglect of Scattering

The question of scattering is more difficult (o deal with in a quantitative way. This
topic is thoroughly discussed in Chapter 3, and here we merely attempt to indicate
a plausible limit inside of which scattering might be safely neglected. Let us take
as a general criterion that the total power lost from the path of propagation due to
scattering must be small compared to that involved in absorption or emission,
keeping in mind that the notion of “small” ultimately depends on the experimenter
and the case at hand. Specifically, let us consider scattering unimportant if the
power lost from the beam due to scattering in each volume element is small com-
pared to the power absorbed in that element, or, more conservatively, if the ratio
of the scattering to absorption cross-section Q,/Q, is small for the scattering par-
ticles involved. If we consider that the reemitted power will be comparable to that
absorbed, then the net fraction of the total radiance due to scattering that is ulti-
mately measured will then be less than or equal to this ratio. This is particularly
true if there arc other sources of absorption involved, and the condition can be
overly conservative in some cases.

This condition is meaningful when considering liquid water, a strong micro-
wave absorber that tends to dominate the radiative transfer process when it is pres-
ent in even modest amounts in the form of clouds or rain. In Figure 1.7. we show
the ratio Q, /Q, for single spherical water droplets of radius I that have been cal-
culated using the frequency-dependent dielectric constant of water at a nominal
temperature of 10" C [4]. The solid portions of the curves indicate the region where
the Rayleigh scattering criterion 2ar << AiSvalid, and the dashed upper region
indicates the transition to the Mie scattering regime. The details of the Mie regime
are not explicitly shown, but we note that the curves tend toward a value of order
unity for 2irr >> X\,

The upper limit for cloud droplet radii in the Earth’s atmosphere is around 0.1
mm [12]. Thus, at the frequencies commonly used for remote sensing of the tro-
posphere-about 20 to 90 GHz--absorptionin liquid water cloud regions exceeds
scattering by at least two orders of magnitude, and we would expect errors to be
comfortably less than 1 % if we neglect scattering in the retrieval of temperatures
in this frequency regime. The case becomes less clear for frequencies above 100
GHz, and scattering from cloud particles no longer can be ignored beyond 300
GHz. When cloud droplets coalesce to form rain, on the other hand, the resulting
particle sizes approach the wavelength at all microwave frequencies. Drop-size
distributions arc highly variable, with the mean drop radius tending to increase
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Figure 1.7. Ratio Of scattering to absorption cross-section for water spheres of radius r. Typical
droplet-size ranges are indicated for clouds with and without rain.

/
with rain rate-from 0.5 to 1.5 mm for light to heavy rainfall [12]. As indicated
in Figure 1.7, these dimensions put the scattering problem well into the Mie re-
gime at all microwave remote-sensing frequencies. Consequently, the applicability
of the nonscattering radiative transfer equation becomes highly questionable when
observing through regions containing rain, and results obtained under such con-
ditions require the special considerations discussed in Chapters 3 and 6.

1.3 MICROWAVE RADIOMETRY

The objectives of this section are to describe how microwave radiometers work
and to present the basic concepts involved in making radiometric measurements.
A full presentation of the techniques of microwave radiometry is well beyond the
scope of this volume, and the interested reader can pursue this subject in more
depth in several texts [2,4, 13-15]. For our purposes, the function of a radiometer
is to measure the radiant intensity (1, of the previous section), which, of course,
is an idealized flow of power in infinitesimal elements of bandwidth and solid
angle. In the following, we describe how the simplest radiometer-a total power
radiometer-can be used to approximately measure the intensity over practical
bandwidths and solid angles. This forms a basis for the topics of antennas, mea-

surement uncertainty, and calibration. Finally, we describe the most common types

of radiometers used in practice and discuss the current state of microwave tech-
nology.

Along the way. we introduce a working vocabulary so thatthe reader can follow
discussions elsewhere that involve microwave radiometry. Italics identify the first
use of each specialized microwave term, and a definition is given in context.
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14 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

1.3.1 Fundamentals
A Simple Heterodyne Receiver

The typical microwave radiometer uses the so-called heterodvne* principle, where
both the technique and the terminology date from the early days of radio. A het-«
erodyne receiver is onc in which the received signal, called the radio-frequency,
or RF, signal, is translated to a different and usually lower frequency (the inter-
mediate-frequency, or IF, signal) before it is detected. The simplest version of a
heterodyne radiometer is shown in Figure 1.8. It is an example of a total power
radiometer. and illustrates features common to most microwave radiometers. Al-
though this circuit is rarely used as it stands. it provides a useful introduction to
both the theory and practice of microwave radiometry.

First, imagine that we have a sighal at some frequency incident on the antenna -

of this radiometer. The purpose of the antenna is to couple this RF signal into a
transmission line (aw)ggigg‘ for example), the function of which is to carry the
RF signal to and from the various elements of the circuit. In the example. this
signal is introduced directly into a MiXer, which is a nonlinear circuit element in
which the RF signal is combined with a constant-frequency signal generated by a
local oscillator. or LO [16]. Signals at various combination frequencies are pro-
duced at the output of this element because of its nonlinearity. These products
include a signal whose frequency is the difference between the RF and LO fre-
quencies, as shown schematically in Figure 1.9(a). This signal has the important
property that its power is proportional to the power in the RF signal under the
condition that the latter is much weaker than the LO signal. It is then filtered to
exclude the unwanted products of the mixing, and amplified to produce the IF
output signal.

Signals at microwave frequencies are often difficult or impossible to deal with
directly, whereas a signal which has been downconverted to a sufficiently low IF
frequency can be handled with a variety of techniques. After amplification and
filtering. the power in the IF signal is measured with the use of a Second nonlinear
element, a squar?'qw detector. This element is typically a diode that operates

Antenna Mixer |F Amplifier  Filter  Detector DC Amplifier
RF IF @ D
T, . g v' - TI’ + T.
LO
Local Oscillator

Figure 1.8. A schematic Of the total power radiometer. This circuit produces an output voltage
proportional to the received signal power. Which isthe principal function 01 a rudiometer.

o Also calledsuperheterodyne, Where the original distinctionis now obsolete.
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Figure 1.9. Frequencytranslation in heterodyne reception. (u) Monochromatic. signal (b) Broad-
band noise.

within its § =»? range and produces an output voltage that is proportional to the
input power.

This example can be easily generalized to the case where broadband noise is
received from a thermally emitting source. The mixer output then consists of a
continuum of frequencies |pyg - ygg|that corresponds to the frequencies vgg con-
tained in the input noise signal, If the output is passed through a rectangular band-
pass filter, the result will contain all frequencies originally present within two
rectangular RF passbands that are images of the IF bandpass reflected around the
LO frequency. This relationship is depicted in Figure 1.9(b), The two RF pass-
bands are called the upper and lower sidebands of the receiver, which are effec-
tively folded about the LO frequency by the mixer and translated into the IF band
to create a double,sideband receiver. As before, the detector then converts the net
power in this band into a linearly related voltage.

A variation on this circuit that is becoming increasingly important is the use of
direct RF amplification as this capability continues to develop at centimeter and
long millimeter wavelengths. An amplifier immediately following the antenna, as
shown in Figure 1.10, can be used to raise the power of the incoming signal well
above the thermally generated noise power in the mixer or other following com-
ponents. This can improve the radiometer sensitivity without requiring high per-
formance in the mixer and the remainder of the receiver. Also, RF amplification
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16 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

RF Amplifier
| Mixer  SF Amplifier
l RF IF

¥ LO

Local Oscillator

Figure 1.10. A receiver with direct RF amplification.

followed by a filter can be used to create a single;‘sideband receiver if the RF power
to appear in the desired sideband is amplified to a level well above that of itsimage
band.

The Relatlonship'of Received Power to Radiant Intensity

To account for the collection of thermal noise power by the antenna. we begin
with Nyquist’s law [17] for the noise power available from a matched resistor that
terminates a transmission line (a matched element is one that reflects no power
incident upon it). Nyquist’s law is closely related to Planck’s law, but is derived
for the specific case of radiation propagating within a terminated transmission line
instead of a general cavity [5, 18]. If the temperature of the matched resistor is T,
then the power per unit bandwidth propagating from the resistor is*

P =T (1.22)

Let us now imagine that the transmission line is terminated by an antenna that is
immersed in a uniform radiation field resulting from thermal blackbody emission
at temperature T. For the moment, it is useful to think of an antenna as a matching
device that couples the confined wave propagating inside the circuit to free space,
and vice versa. The present case is then just a variation of Nyquist's hypothetical
circuit, and the power per unit bandwidth that is coupled into the circuit must be
equal to that propagating back to free space from the resistor. This power is thus
also given by Eq. 1.22.

Now, as with radiant intensity and the definition of brightness temperature in
the previous section, we use the approximately linear relationship between power
and temperature to define the antenna temperature:

T, = P/k (1.23)
as an appropriately scaled measure of the thermal power introduced into the re-
ceiver.

e In the Rayleigh-Jeans limit. For simplification. we carry this approximation throughthe remainder
of this chapter. noting that the more exactcaseis casily recovered by dividing the right side of . Eq.
1.22by R(v, 7).
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The Antenna

The purpost of an antenna, beyond its function as an impedance-matching device
betweenfree space and the recciver. is to provide selectivity in the micasurement
of the angular distribution of the radiation. For an arbitrary distribution of’ radiant
intensity with angle. 7, (0. ). the netnoise power entering the receiver is deter-
mined by the antenna and its sensitivity to direction. Some very gencralrelation-
ships exist between this angular distribution and the received power. As a shortcut
to get at these. let us make the plausible assumption that the antenna is alincar
device that couples the radiant power from a particular element of solid angle ¢Q
=sin 8 d@ d¢ into the receiver by the relationship

dP = A.(F), $)1,(0.6) dQ (1.24)

where A, is some linear coupling cocflicicnt that depends only on the antenna and
the direction of the-incoming radiation. From the dimensions of this equation. A,
has units of area. and can bc thought of as the eftective area of the apenure for
radiation incident from the direction of the solid angle element dQ.If the radiation
field is caused by an extended source of incoherent radiation, such as thermal
emission from anatmospliere, then the total power introduced into the receiver is
the direct sum over all directions. or

P= 54 A, (0. $)1,(0. ¢) df2 (1.25)

If we translate our units for power and intensity into temperature using the defi-
nitions for antenna temperature and brightness temperature given in Eqs.1.23 and
1.7. then we obtain

A0,
T, = S ‘(>G 2 T,(8. ¢) dQ (1.26)
i

We identify the quantity that multiplies 7}, in the integrand as the antenna gain ., *

A0, @)

g (Q) = )\3

(1.27)

This allows us to write a basic relationship between received power and the angular
distribution of radiation as

T, = S £0. &) T, (0. ¢) d (1.28)
4r

*The quantity that describes the antenna power pattern has several names and definitions that ditter by
a nomalization constant, depending on the application. For example. the directivity of the antenna,
or its directive gain, G0, o) = dxe(0, @) is olten used and gives the response of the antenna to
radiation from a given direction relative to a hypothetical antenna with an isotropic power pattem.
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18 CHAPTER 1: INTRODUCTION TO PASSIVE REMOTE SENSING

We can interpret the antenna gain as the eflective collecting arca 01 the antenna.
in units of wavelength squared. for radiation incident on it from the direction of
the solid angle clement €. Note that from the thermodynamic argument of the
previous section, wec must have

S‘ g0.¢) dQ 1 (1 .29)

“To achieve selectivity in direction, a practical gain pattern will consist ofa well-
defined main beam with much lower gain away from the beam axis. A useful
quantity to describe the angular resolution of such a pattern is themain-beam solid
angle, which we define as

Q, = S AU (1.30)

4x g(o, 0)

where the angular coordinate system is assumed to be centered on the peak gain,

£(0.0). For example, if the gain has a constant value over some solid angle and /
is zero outside, then the foregoing just returns that solid angle. An important re- )
[}

lationship is obtained by using Egs. 1.29 and 1.27/\ n EZ t30
)\2
Q =—— .
o ) O) (1.31)

The effective area in the direction of maximum gain, 4,(0, O), is usually just called
the effective aperture area, A,. To the extent that area 4, can be related to the size
of a physical aperture, Eq. 1.31 characterizes a diffraction-limited optical system.
For example, if we associate a diameter D with the effective aperture A, such that
A, = xD?/4 and a beam diameter 8, such that Q, = #82 /4, then Eq. 1.31 reduces
to

4 A
0, = — - 1.32
« =75 (1.32)

It is interesting that we can derive this relationship without recourse to wave-
optics arguments or reference to a specific antenna geometry. The details of the
gain pattern and its actual relationship to the physical aperture. of course. must be
obtained using Maxwell’s equations with the appropriate boundary conditions. A
familiar point of reference for a diffraction-limited aperture is the diffraction pat-
tern given by a uniformly illuminated circular aperture, for which the angular di-
ameter of the first null of the interference pattern (the Rayleigh criterion) is ap-
proximately 1.22\/D. More generally, most microwave antennas can be
approximated as a planar aperture with a spatially varying illumination, or ficld
distribution. The angular distribution of outgoing power is then the Fourier trans-
form of the autocorrelation of this aperture field distribution [2].
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1.3 MICROWAVE RADIOMETRY 19

An important class of microwave antenna is the horn antenna, so-cailed because
of its shape.In its simplest version. this need belittle more than asection of
waveguide with a uniformly expanding cross-section that is open atits wide end:
[hc smooth taper of the walls minimizes reflection as an outgoing wave gradually
expands to become a wave in free space. Horn exit apertures arc rarely more than
afew wavelengths in diameter, so their beamwidths typically exceed several de-
grees, The effective aperture illumination is not uniform, but is naturally tapered
so that the field approaches zero at the horn rim. This has two consequences be-
cause of the Fourier relationship between aperture illumination and gain pattern:
the main beam is broadened because the aperture illumination is effectively nar-
rowed. and the interference fringes away from the main beam (or sidelobes) are
reduced because of the lack of a sharp discontinuity in the illumination. With good
design, it is possible to create an illumination across the horn exit aperture that is
approximately Gaussian so that the sidelobes virtually disappear. More elaborate
versions (scalar horns) are possible that ensure azimuthal symmetry of the result-
ing power pattern even though the input waveguide and its internal field distribu-
tion are not symmetric.

Horns can be used as feedhorns to illuminate large apertures, which give much
higher angular resolution, Such antenna systems are often analogous to those fa-
miliar at optical and infrared wavelengths. For example, a parabolic reflector il-
luminated by a feedhom is essentially a Newtonian telescope; Cassegrain and other
multiple reflector systems are also common [2, 19-23]. These kinds of antennas
provide resolutions from a few degrees down to a few arc minutes. Finally, ap-
erture-synthesis techniques are possible in which large virtual apertures are created
from assemblies of smaller real apertures [24]. This approach has made possible
the study of distant radioastronomical sources at milliarcsecond resolution, and is
important for the study of planetary atmospheres (see Section 1.3.3 and Chapters
9 and 10). Synthetic apertures have other implications for remote sensing [25, 26},
and, for example. may eventually provide the large apertures needed for high-
resolution Earth observations from geosynchronous orbit [27]. -

A somewhat arbitrary but standard measure of resolution for microwave anten-
nas is the half-power beamwidth (HPBW ), or the diameter of the gain pattern
where its value is half that of the central peak (also used for the same purpose is
the term Full Width at Half-Maximum, or FWHM). For example, the uniformly
illuminated circular aperture of diameter D has a HPBW of 1.02\/D. The typical
tapering of the aperture illumination on a microwave aperture of diameter D tends
to increase the beamwidth and lower the sidelobes relative to this case. Microwave
antennas used for remote sensing have half-power beamwidths in the rangel.3-
1.7X\/D, depending on compromises made by the antenna designer. Hence an
approximation that describes the beamwidths of most antennas to an accuracy of
about 10% is

Oupaw = 1.5A/D (1.33)

Figure 1.11 shows a plot of this rule-of-thumb beamwidth versus aperture size tor
microwave frequencies. Antennas built for communications systems are usually
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Figure 1.11. Relationship of aperture size D to half-power bcamwidth as a function of frequency
for a nominally illuminated antenna (from the approximate relationship in Eq. 1.33). The lower hori-
zontal axis gives aperture sizes typical of filled-aperture antennas. These provide angular resolutions
read on the left-hand vertical axis. The upper horizontal scale gives aperture sizes in the domain of
aperture-synthesis techniques and yield resolutions read on the right-hand vertical axis.

optimized for peak gain and tend to have narrower main beams for a given aperture
diameter than this relationship implies because the increased sidelobes are of less
concern in this application [23].

Because of wavelength, physical sizes of microwave antennas need to be much
larger to achieve the same resolution as apertures at infrared or optical wave-
lengths. Antenna size is an important practical concern in many microwave appli-
cations as a result.

Calibration

The receiver output voltage must be calibrated in units of antenna temperature.

This involves finding both a gain coeflicient and an offset, where an offset is needed

to account for power generated within the receiver itself. Received power is inev-
itably lost by absorption as it passes through successive stages of the receiver—

the elements that are responsible for this loss reradiate power at their own physical
temperature, and if this occurs before or within the mixer and the first stages of
the amplifier, this power will be amplified along with the signal (in many radi-
ometers. this internally generated power exceeds that of the signal), The net IF
power reaching the square-law detector then consists of two components: () that
which represents the amplified signal power and is proportional to the antenna
temperature T, and (2) the intemally generated power, which we identify as the
receiver temperature T, with the understanding thatit is to be calibrated on the
same scale as the antenna temperature. The sum of these components is called the

\SS ~\\Y WORKI4 A6416SSA1A

e st



1.3 MICROWAVE RADIOMETRY 21

systent temperaure,

T.=T,+T, (1.34)

As demonstrated in Figure 1. 12, we can calibrate the radiometer and determine
the offset at the same time by observing blackbody emitters at two different tem-
peratures. For example, we canenclose the field of view of the antenna with a
temperature-controlled microwave absorber (or load) at each of two temperatures,
Thonand T4 If the radiometer is linear, which is usually well approximated in
practice, then we can determine the antenna temperature T, for a target at an un-
known temperature as

T, = c(V-=Vy (1.35)

where ¥, is the voltage offset due to the receiver temperature (e. g., T, = ¥y /¢),
and the radiometer calibration constant c is determined as

Thol — Tculd
C= oo (1.36)
; Vhol - Vcold

where the voltages Vhotand Veod are the measured output voltages for the respec-
tive T and T, q l0ads.

The Radiometer Noise Formula

Any measurement of noise power possesses an inherent statistical uncertainty that
depends on the bandwidth B of the noise power and on the time ¢ allowed for its

Voltage ¢

|
l
|
i
|

-T, 0 Teold Thot

Antenna Temperature

Figure 1.12. Calibration of antenna temperature using a hot and cold load. The calibration coetli-
cientis given by the measured slope, andthe voltage intercept for zero antennatemperature determines
the receiver temperature 7,,
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mcasurement. A simple way to visualize this dependence is to consider the noise
power asa time-varying voltage that corrcspondsto bitnd-limited white noise
(within a reasonably narrow bandpass.thermal noise contains approximately the
some average power in every frequency interval: if the signal is passed through a
rectangular bandpass filter. it will contain the same average power in every fre-
quency interval within the bandpass and zero outside it). A typical measurement
consists of the square-law detection of this signal followed by an averaging for
timet. The Fourier representation of a band-limited white-noise signal over time
interval ¢ consists of N = Bf components with coeflicients whose absolute values
are normally distributed with a uniform standard deviation. If we follow the de-
tection and averaging process mathematically using the Fourier representation, then
the measurement will be proportional to the sum of squares of the coefficients, and
will be uncertain because of the uncertainty of the components that comprise it.
The relative uncertainty AP/P in the sum P can be shown to be inversely pro-
portional to the square root of the number of coefficients [ 13, 28], or

arp_ 1 _ L ' (1.37)

P Jn Bt

Now, P and A P are, respectively, proportional to the system temperature T; and
the uncertainty of the measurement AT, SO that we readily obtain the noise formula

- = J%(total power radiometer) (1.38)

Figure 1.13 shows how the uncertainty of a 1-second measurement depends on
system temperature and bandwidth for both this case and the Dicke-switched ra-
diometer discussed in the next section.

1.3.2 Two Common Types of Radiometers
The Dicke Radiometer

The total power radiometer is not well suited for many applications because it is
difficult to stabilize and calibrate. To appreciate the importance of gain fluctua-
tions, consider as a typical case a total power radiometer with a system temperature
of 500 K and a bandwidth of 100 kHz. According to the noise formula, the un-
certainty of a I-second measurement made with this radiometer would be 0.05 K.
or one part in 10'of the total noise power. Because the gain acts on the total power,
the stability of the radiometer would have to be held to one part in 10* so that gain
fluctuations do not dominate the sensitivity of the instrument. Such stability is
difficult to achieve. A general solution to this problemis the Dicke radiometer
shown schematically in Figure 1.14. A switch follows the antenna in this circuit,
which allows the receiver input toalternate between the antenna and a stable source
of therrmd-noise power provided by a referenceload. A reference load can be an
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Figure 1.13. Uncenainty (standard deviation) of a 1-second measurement as a function of system
temperature and bandwidth. The values shown are from Eq. 1.38 for a total power radiometer and Eq.
1.39 for a Dicke-switched radiometer.

external load viewed by a second antenna or a load internal to the circuit. with the
load maintained at a known temperature in either case. Asthe switch alternates
position, the output voltage of the Dicke radiometer correspondingly alternates
between the total powers from the antenna and the reference load. The receiver is
followed by a svnchronous detector, or lock-in amplifier, which rectifies the

switched signal so that the output is proportional to the difference between antenna

Dicke Switch Synchronous Detector

Mixer IF Amplifier Filter Detector ‘

Switch Driver

Figure 1.14. Schematic of a Dicke radiometer.
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andload temperatures. If the switching time is much shorter than the characteristic
periodof the gain fluctuations. then the gain fluctuations cause only the measured
temperature difterence to vary. Their cffect is, therefore. reduced by the ratio of
the measured temperature difference to the total power, which can bc made quite
small in many cases.

The measurement uncertainty for a Dicke radiometer that divides its time evenly
between ihc source and a reference of comparable temperature is

— (Dicke radiometer) (1.39)
-z

The factor-of-2 increase relative to the uncertainty of the total power radiometer
follows because the net integration time ON the source is reduced by half, and
because two equally uncertain quantities are difference to form the result, where
each consideration increases the uncertainty by a factor of root 2. The formula is
more complicated but easily derived if the source and reference temperatures are
significantly different [4].

The stable components and amplifiers of modem solid-state electronics have
reduced the need for rapidly switched Dicke radiometers, and have even made
total power radiometers practical in some applications. Nevertheless all radiome-
ters are designed to measure, in one way or another, the difference between the
desired antenna temperature and that of a reference source. For example. total
power radiometers with movable external targets or switched beams use the basic

!principle of a Dicke radiometer and can achieve the same stability under some

circumstances. The term ‘ *Dicke radiometer’” is usually reserved for radiometers
with an internal switch, however.

The Microwave Spectrometer

Many applications depend on the measurement of the spectral dependence of the
emission. A microwave spectrometer, or spectral line receiver, is obtained by sub-
dividing the IF passband of any of the prior radiometers and separately detecting
the output of each resulting segment. The hetérodyne technique allows the spectral
region of interest to be placed at a convenient frequency for this analysis. The IF
passband can be subdivided as indicated in Figure 1.15 by using a bank of narrow-
band filters with the desired distribution of bandpass characteristics; alternatively,
digital sampling and autocorrelation or other techniques of spectral analysis can
be used, There is no effective upper limit to the resolution and number of frequency
elements that can be obtained. As an extreme case. for example. one spectrum
analyzer recently built for signal processing contains 8.4 million contiguous chan-
nels with O. OS-Hz resolution [29]. However, there is a practical limitation when
the spectral feature to be analyzed is so broad that it exceeds the practical IF
bandwidth of a radiometer. An example is the 22-GHz water-vapor line in the
Earth’s troposphere. Such a feature must bc observed with the equivalent of a
single-frequency radiometer that canbe tuned to a number of frequencies.
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The accuracy of the frequency measurement also has no practical limit. Local
oscillators at all microwave frequencies can be phase-locked to reference frequen-
cies derived from time standards. Hence, it is possible to control the radiometer
frequency to tolerances well below 1' Hz throughout the microwave range, which
is far more accurate than needed for any remote-sensing application discussed in
this volume. The ideality of microwave spectroscopy for both frequency accuracy
and resolution makes this approach a very powerful tool for atmospheric remote
sensing.

The simplest spectrometer system uses a double sideband receiverin which the
spectral feature to be observed is folded into the IF passband with an image RF
passband that contains no useful signal. In this case, the signal power is divided
in ha] f in the IF band relative to the net noise power and a single-sideband receiver
temperature is conventionally defined to be twice as large as the system temper-
ature T, of Eq. 1.34. The single-sideband temperature is the appropriate quantity
to use in the noise formula of Eqs. 1.38 or 1.39 to determine the measurement
uncertainty.

1.3.3 About Hardware

It is impossible to capture the state of microwave technology in a few pages, and
the rapid development of this field would quickly date the attempt. However, we
can introduce the main concepts and define terms likely to be encountered in the
literature. We begin with the main building blocks that are available to the circuit
designer, and follow with some examples of radiometer design.

Circuit Elements

Waveguide. The power radiated by an oscillating current increases as the square
of the frequency. so that the usual view of a circuit as currents flowing in conduc-
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tors becomes instead. at high frequencies. aradiation field controlled by appro-
priate boundary conditions. As aresult, conventional circuits with wires are not
feasible in the microwave region except when physical sizes are kept very small.
Waveguide is commonly used as the basic signal-carrying medium at frequencies
up to about 100 GHz. beyond which it becomes impractical for general usc because
of increasing attenuation and increasingly severe mechanical tolerances. Wave-
guides for passive systems arc made in standard sizes for frequencies up to about
100 GHz. which are rectangular with a width-to-height ratio of 2:1. This geometry
permits them to carry a single mode (TE o) over a wide frequency range: multiple-
mode transmission is undesirable because the performance of most circuit elements
is rapidly degraded by mode mixing. The set of standard sizes gives overlapping
single-mode transmission capability up to about 100 GHz. Table 1.1 lists the
waveguide bands that are coordinated with these standard sizes. The band nomen-
clature is intentionally obscure because it is derived from code designations orig-
inating from classified radar development during World War 1.

Passive Components. Many circuit elements can be constructed using wave-
guide geometries [30, 31]. Power dividers split the incoming power evenly into
exit ports: the outputs can be in phase or out of phase according to the design.
Directional couplers can transfer a desired amount of signal propagating in a given
direction in one waveguide to another. A smoothly tapered resistive vane inserted
into a waveguide parallel to the TE;p mode E-field can provide a nonreflecting
attenuator, and a resisting material similarly tapered to eliminate reflections and
placed to absorb all the entering power provides a matched load.

The novel properties of ferrites lead to a valuable class of microwave compo-
nents. Ferrites comprise a class of nonconducting ceramiclike materials with the
general composition MO*Fe,0,, where M represents a divalent metal such as
magnesium or iron. When a strong magnetic field is used to align the unpaired

TABLE 1.1 Standard Microwave Band
Nomenclature

Band Nominal
Designation Frequency Range
(GHz)

1-2
2-4
4-8
8-12

12-18

18-27

27-40

36-46

46-56

56-100

=
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clectrons in a ferrite. a wave propagating in this material experiences Faraday
rotation: tor example. the polarization of alincarly polarized wave traveling par-
allel to the magnetic field vector rotates in a sense determined by the direction of
the magnetic field. The ferrite medium is nonreciprocal because the absolute sense
of this rotation is the same for waves propagating either paralicl or antiparallel to
the magnetic field. This property has been exploited in waveguide geometries to
produce nonreciprocal microwave components such as isolators, two-port devices
in which a signal passes unimpeded in the forward direction, whereas a wave
traveling in the reverse direction is rotated into an attenuator and absorbed. Iso-
lators are used to ensure good matches in circuits that are especially sensitive to
reflections. A three-port circulator is a device that passes a signal input to port |
to port 2, port 2 to 3, and 3 to 1; circulators can be made with more than three
pens. A ferrite switch can be made by controlling the direction of circulation in a
three-port circulator with an externally applied magnetic field. A larching ferrite
switch can be made by reversing the intrinsic magnetization of the ferrite with a
pulsed current in an external coil; such switches routinely achieve microsecond
switching times and are particularly valuable as the switching elements in Dicke
radiometers.

Mixers. Waveguide techniques can be used to couple microwaves into and out of
solid-state elements to produce a variety of active circuit components. Mixers are
typically three-port devices that concentrate the microwave signal and local oscil-
lator power entering through two ports as currents across a diode, while the IF
power is drawn out through a third port. Considerations in the construction of a
mixer include the matching of all three ports and the efficient conversion of the
signal power to IF in the face of parasitic impedances that become prevalent at
high frequencies. Smallness is a virtue in minimizing such impedances. and small
area junctions such as arc possible with Schottky-barrier diodes are important. The
latter possess nearly ideal i-v curves and are extensively used in microwave ap-
plications. Other nonlinear elements such as Josephson junctions are finding in-
creasing use at high frequencies.

Sources. The earlier generation of oscillators was based on properties of electron
beams, ‘which could be controlled to make devices such as klystrons andtraveling-
wave tubes. Such devices were intrinsically bulky, often short-lived. and required
extensive supporting equipment such as high-current and high-voltage supplies.
The discovery in 1963 of the oscillatory properties of bulk n-type GaAs and InP
materials when subjected to a static voltage led to theGunn ostillator [32], a solid-
state device that has now almost universally replaced electron-beam devices as
local oscillator sources in radiometers. Gunn oscillators have greatly simplified the
practice of microwave radiometry. They can be phase-locked to standard frequen-
cies and are readily available at frequencies up to 100 GHz, which appears to be
a practical upper limit. LO signals are provided at higher frequencies by frequency
multipliers. or devices that use the nonlinear properties of waveguide-mounted
diodes to produce selectively enhanced harmonics from lower-frequency oscilla-
tors.
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Wuvcguidc-mounted avalanche diodes can be used to produce broad-band white
noise with equivalent blackbody temperatures wellin excess of their ambient tem-
peratures (e.g., by factors of 100 or more). Such noise diodes provide a useful
calibration signal when injected weakly into a radiometer through a directional
coupler. The stability of such calibration signals canbe much better thant % when
the diode voltages and physical temperatures arc well-controlled.

RF Amplifiers. A number of approaches have been developed in recent years for
direct amplification at microwave frequencies. Cryogenic amplifiers such as mas-
ers or cooled HEMTs (high-electron-mobility transistors) can produce significant
gain with excellent efficiency so that very low system temperatures can be achieved.
Maser amplifiers using pumped ruby have set the standard for low-noise commu-
nications in the centimeter wavelength range [33]. Development of solid-state am-
plifiers such as HEMTs has been relatively recent but rapid, and useful amplifi-
cation has been achieved at frequencies as high as 100 GHz [34, 35].

Quasi-Optical Elements. Quasi-optical techniques arc often used in the short-
millimeter and submillimeter ranges where waveguides become impractical [36,
,37]. Directed radiation in free space with a Gaussian intensity distribution perpen-
dicular to the axis of propagation remains collimated over useful distances, and is
easily formed by a scalar feed with a parabolic reflector. This beam-waveguide
approach makes possible a variety of interesting circuit components such as fre-
quency diplexers and filters. Gaussian beams are diffraction-limited and represent
the long-wavelength limit of geometric optics; indeed, many quasi-optical devices
such as Fabry-Perot diplexers are directly analogous to optical devices. Such tech-
niques are fundamental to pioneering developments in terahenz receiver technol-
ogy, which may someday extend the microwave approach to frequencies as high
as 10 THz [37].

Radiometers

Microwave radiometers are as varied in their design as the applications for which
they were developed. Considerations at a given frequency include performance
factors such as sensitivity, accuracy, and spatial resolution (usually desired to be
as high as possible), which must be balanced against opposing factors such as
complexity, weight, size. and power (which ultimately determine the price to be
paid). The receiver temperature 7, is a key performance factor in many applica-
tions, particularly in microwave spectroscopy and radio astronomy. Figure 1.16
shows single-sideband receiver temperatures that have been achieved to date as a
function of frequency [38. 39]. The best performance at frequencies up to roughly
50 GHz is given by cryogenic systems using masers and cooled HEMTs for direct

RF amplification, and by S1S (superconductor-insulator-superconductor) mixers.

farther into the millimeter and submillimeter regions. Such systems tend to be
complex because of their cryogenic needs. Uncooled Schottky diode mixers are

C\\“‘\?):_’) WORK14 A64168SB1A




1.3 MICROWAVE RADIOMETRY 29

10000 —rrrrey —r—r—rr

T v LENNN g o a0 0 018 &

Y YTyYTY

T, K

Frequency, GHz

*

Figure 1.16. Single-sideband~~empemwrcscyrrently achieved in the microwave region. Het- /V‘*e ce e
erodyne receivers using Schottky-barrier diode mixers can be used atambienttemperature or cryogen-

ically cooled {35.38}. cryogenic S1S (superconductor-insulator-supmconductor) Josephson junctions

can be used as the mixing elements in heterodyne receivers 10 achieve very low system temperatures

[39]. Direct-amplification receivers can be built using masers [33] and cooled ot.uncooled HEMT

(high-electron-mobility transistor) amplifiers [35]. The quantum noise limit is h»/k.

adequate for most broadband applications at frequencies well into the millimeter
region, because the signal is of the same approximate magnitude as the typical /
receiver temperature (for double-sideband applications, the receiver temperatures
shown in Figure 1.16 should be divided in half). Uncooled HEMT amplifiers ex-
hibit excellent performance to 100 GHz, and their full potential for radiometry is
just beginning to be exploited.

Examples of the current generation of radiometers built for atmospheric remote
sensing are shown in Figures 1.17 and 1.18. The first is a ground-based water-
vapor radiometer built to measure the tropospheric water vapor and cloud liquid
burden from atmospheric emission in the vicinity of the 22-GHz H,O line [40; see
also Chapter 4]. This system was built to be portable and inexpensive while pro- ,
vialing state-of-the-art accuracy in radiometry, and has been used in support of
atmospheric radio-path-delay correction for geodesy (see Chapter 5). Figure 1.18
shows the most recent of the many radiometers that have been placed into Earth
orbit to sense atmospheric temperature and water on global scales (see Chapter 6
and Table 6.1).

The study of the atmospheres of other planets requires a radioastronomical ap-
proach becausc the apparent disks of planets with major atmospheres range in
diameter from about one arc-minute (Venus) to less than 3 arc-seconds (Neptune).
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Figure 1.17. A ground-based water-vapor radiometer (WVR). The radiometer has channels at 20.7,
22.2. and 31.4 GHz, and is contained in the upper enclosure. which is shown opened in the inset. The
diagonal. flat reflector at the front of this enclosure directs the sky emission into a wide bandwidth
corrugated scalar feedhom, which diplexes this signal into two independent heterodyne radiometers.

One radiometer has two local oscillators that are turned on one at a time to provide the-20.7- and
22.2.GHz channels. A ]-foot ruler is shown beneath the instrument.

These cannot be resolved by even the largest single-antenna telescopes, even though

,  much useful information can be gained by disk-averaged measurements (seeChap-

ters 9 and 10). Arrays of antennas can be used to synthesize large virtual apertures.
For example, the Very Large Array (VLA) in New Mexico (Figure 1. 19) can
achieve arc-second resolution or better at several centimeter wavelengths.

I The microwave sections of radiometers currently used for remote sensing are
constructed from discrete components plumbed together with waveguide. The
physical bulk and complexity of microwave circuits built in this way have been
limiting factors in the development of many applications. For example, it has been
difficult to place microwave instruments on deep-spaceplanetary missions because
. of the severe weight and power constraints associated with such missions. Also,
practical applications such as the ground-based mapping of tropospheric temper-
ature and water content for weather-related purposes require networks of sensors.
and are limited by the presently large costs of individual units. However, the wave
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Figure 1.18. The Special Sensor Microwave Temperature SSM/T-1 (lower) and SSM/T-2 (upper)
sounders. SSM/T instruments have been launched from 1979 to 1991 as part of the Defense Meteo-

rological Satellite Program (DMSP). The SSM/T-1has several channels in the strong oxygen band
centered around 60 GHz and is used for temperature sounding. The SSM/T-2 instrument is the firs; of
a new class of water-vapr profilers that sound the atmosphere at several frequencies in the vicinity of

the strong 183-GHz H,O line.

of miniaturization that began with the introduction of the transistor is just now
beginning to reach the centimeter to millimeter microwave region. The state of the
art of radiometry at frequencies up to about 100 GHz is consequently entering a
slate of transition in which it can beexpectedthatmonolithic microwave integrated
circuit (MMIC) components will replace many of those based on waveguide geo-

mctneS.A_s an example. Flgurg |.205howsa prototype 30-GHz radiometer re-
cently built at the Jet Propulsion Laboratory using only MMIC components and

configured asa complete end-to-endsystem|[41]. It is possible to construct such
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Figure 1.19. A view of the Very Large Arr-y on the Plains of San Augustin in New Mexico. The
VLA was const ructed by the National Radio Astronomical Observatory and consists of 27 antennas of

25-m diameter each, which are movable along three 20-km tracks arranged in a “’Y’” configuration.
The array is capable of synthesizing a virtual aperture as large as 36 km in diameter. Each antenna

contains receivers at discrete wavelengths in the range 1.35-20 cm.

e

: I RT e
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Figure 1.20. A microwave rudiometer built from MMIC components. The circuit is a total power
heterodyne radiometer with RF preamplification. and includes a nosse source for calibration and volt-
age-to-frequency conversion of the radiometer output. Thenmoelectnic junctions (not shown) are
mounted to the base to provide temperature control.

32
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aradiometer on a single substrate, which will lead to further miniaturization and
cost reduction. When this technology matures, wc can expect the costs of radi-
ometers to fall dramatically at frequencies well into the millimeter region, and
many of the applications described in this volume will open up for considerable

future development.
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